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Two techniques are described for measuring
convective heating to small models in free-flight
ranges and tunnels.

In the first technique, called the catcher-
calorimeter technique, models are gun-launched into
the Ames pressurized ballistic range at velocities
from 4,300 to 11,000 ft/sec, allowed to decelerate
aerodynamically to a few hundred feet per second,
and caught. The total serodynamic heat input to
the models is measured in & calorimeter. Extreme
care is taken to account for and minimize all
extraneous sources of heat addition or loss. The
calorimeter was designed especially for this appli-
cation and 1s capsble of measuring heat inputs as
low as 1075 Btu. Measurements of convective heat-
ing to a hemisphere show good agreement with theo-
retical computations.

In the second technigue, called the melting-
onset technique, aluminum hemispheres are gun-
launched into the prototype of the Ames hypersonic
free-flight facility at a velocity of 24,000 £t/sec
into still air, and at a combined velocity of
36,000 ft/sec into the countercurrent airstream.

At same point on the flight path, the model begins

to melt, and molten aluminum streams from the model
. surface into the weke where it can be detected in
shadowgraphs. The stagnatlon-point heating rate is
then deduced by computing the heating rate required
to produce melting at the observed time. Tests
conducted at 24,000 ft/sec are considered calibra-
M tion tests for the technique and show its warkabil-
ity. Tests conducted at 36,000 ft/sec yleld
heating rates which are in accord with theories
that predict a small effect of ionization on

convective heating. ﬂ» JT’H()ﬂ

Introduction

Ballistic ranges and free-flight tunnels have
been little used to measure convective heating.
The reascn for this is that it has been difficult
to determine the rate of temperature rise of the
model surface. Although considerasble effort has
been made to develop miniature telemeter systems
for this purpose, the comparatively little data

obtalned show the difficulty of this epproach.
* This paper presents two different, yet complemen-
(, tary, epproaches to the measurement of convective
6 heating in free flight on small models.

The first method measures the total aerodynamic
heat transferred to a model. This is accomplished
by recovering the model at low speeds after it has
been decelerated from a high initial velocity by
aerodynamic drag. The heat content of the recov-
ered model is then accurastely measured in a calo-

- rimeter; a series of tests at various lsunch
velocities is then analyzed to yield heat-transfer
rates. One of the limitations of this method is
that if the heating rate to the model becames high
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enough - by increa launch velocity - the model
will begin to melt and lose material, and the calo-
rimeter will fail to measure the total heat. This
particular limitation of the first method becomes
the basis for the second method.

The second method is based on the detection of
the time of onset of melting of the model. Melting
onset on free-flight aluminum models can be
detected, since the molten aluminum runoff appar-
ently forms a fine mist in the weke of the model
causing a characteristic change in shadowgraphs.
Surface melting on the model occurs first where the
heating rate is highest - at the stagnation poinmt.
The time at which melting first occurs is a measure
of the stagnation-point heating rate.

The present paper describes these two
techniques in detail and presents heat-transfer
data obtained. The techniques are treated sepa-
rately in their historical order.

Symbols
a thermal diffusivity of model material
b,d groupings defined by equation (16)
Ac maximm cross-sectional area
Ay wetted area
c speclfic heat of the model material
Cp total drag coefficient
h enthalpy
K thermal conductivity of model material
Ki1,Ko constants of proportionality
m model mass
n exponent in equation (6)
P pressure
Quero total aerodynamic heat transfer
%) energy added to calorimeter
heat~transfer rate
éav heat-transfer rate defined by equation (5)
‘il local heat-transfer rate
r reference radius
T temperature
Te temperature of the calorimeter
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T temperature of the model

t time

v velocity

X distance along the flight path

Y distance into the model from the stagne-
tion point, normel to the surface

B grouping in equation' (15)

7 factor of proportionality in equation (13)

P density of the air

T dummy variable of integration

Subscripts

catch conditlions just prior to entering catcher

i conditions prior to lsunch

L launch conditions

r recovery conditions

st stagnation conditions

W wall (model surface) conditions

L free~stream conditions

Catcher-Calorimeter Technique

The test arrangement for the catcher-
calorimeter technique is shown schematically in
figure 1. A model, held in a sabot, is launched
from a gun. The model, after being stripped of its
sabot, enters the ballistic range and is photo-
graphed at spark shadowgraph stations while decel-
erating. The model scale, model material, air
density, and range length are selected so that the
model slowe to a speed of a few hundred feet per
second before entering a catcher. The model then
plerces several sheets of paper, decelerates to
zero-forward velocity, and falls through a paper
funnel into a calorimeter where its total heat
content is measured.

. As the model decelerates, a major portion of
1ts kinetic energy heats the surrounding air via the
strong bow shock wave; the remaining kinetic energy
is delivered to the boundary layer via skin friction
and to the model surface by conduction and convec-
tion. At the beginning of the flight, the deceler-
ation, the rate of energy loss, and the heating rate
are high. As the model progresses downrange, the
deceleration and the heating rate decrease. Shown
in figure 2 are typical examples of & calculated
heating rate history, an integrated heating history,
and a calculated velocity history for the case of a
l/k-inch aluminum hemisphere at sea-level condi-
tions. The heat-transfer rate, "lav’ shown in this
figure, is the surfacc-averaged heat-transfer rate.
All of these curves have been normalized by an
appropriate maximum value. It can be seen from this
figure that the major portion of the heating occurs
vwhen the velocity is still relatively high.

The experimental measurements of total heat
content for various launch velocities were used to
delermine instantaneous heating rales.
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Test Equirment and Calibration

Pressurized ballistic range and guns. Models
were gun-launched into the Ames pressurized ballis-

tic range, which is a 200-foot-long, 10-foot-diam-
eter, pressure vessel instrumented with shadowgraph
stations at various intervals. Firing times of the
shadowgraph-station sperks are recorded with
counter chronographs, so that the deceleration
history of the model can be determined. The shadow-
greph pictures also provide angle-of-attack history
and flow visualization.

Both a 0.50-caliber powder-gas gun and a
0.50-caliber light-gas gun were used as model
launchers - the powder-gas gun for launch veloci-
ties below 7,000 ft/sec and the light-gas gun for
velocities between 7,000 and 11,000 ft/sec.

Models, ssbots, and gas seals. Models used in
the present tests were 1/4k-inch-diameter hemi-
spheres, machined from solid 7075 T-6 aluminum
alloy. The surface finish was sufficiently smooth
to maintain laminar flow at least to the model
base. The diameter and material were selected to
allow the model to decelerate at 1 atmosphere ambi-
ent pressure from 11,000 ft/sec to about 500 ft/sec
in the 200-foot length of the range. In figure 3 a
model is shown with its sabot.

The sabot, in addition to its usual functions
of supporting the model during the launch and pro-
viding a seal between model and launch barrel, was
designed to reduce heating to the model from three
sources - barrel friction, compressed gas in front
of the sabot, and driver gas behind the sabot. The
protection provided by the sabot alone against the
driver gas was found to be inadequate; clear evi-
dence was obtained in early tests that propellant
gas passed along the parting planes of the sabot
and scorched the model. This leskage was prevented
by a separate gas seal behind the sabot, the one-
piece polyethylene gas seal shown in figure 3, and
by several discs of 1-mil mylar placed against the
base of ths model.

Catcher and funnel. The catcher was designed
to stop models flying at subsonic speed, intact and
without appreciably altering their total heat con-
tent. The catcher consisted of U5-50 sheets of
building paper (Federal specification UU-P-271-

C), hung on a rack. Sheets were spaced about
3/4 inch apart so the model could fall freely
between any two sheets into the funnel.

The funnel was formed of heavy brown wrapping
paper with steep sides and squared corners. This
design reduced the tendency of the model to spiral
down the funnel; any such resultant delay in
transit would permit additional heat loss from the
model to the funnel and the air. The heat loss
during transit through the catcher and funnel was
small but measureable. A discussion of this loss
is given in a later section of this paper.

Calorimeter. The calorimeter was designed
specifically for this application. Tt consisted of
a thin silver cup into which the model was dropped,
8 heat sink to absorb the heat, and a controlled
conduction path between the cup and heat sink.

Each of these elements had a particular function
and in some cases more than one function. Figure 4
is a quarter-sectional view of the calorimeter.
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The silver cup acted as & receiver for the hot
model. Since the electrical &lgnal representing
model total heat was obteined from a thermopile
attached to the cup, it was lmportant to keep the
heat capacity of the cup very low and the diffu-
sivity high. Thus the silver cup had to be as
small and as thin (approximately 0.003-inch well
thickness) as possible so it could come to an
equilibrium temperature with the hot model repidly
and also have a fairly high temperature rise with
a small heat input. The cup was instrumented
with a thermopile consisting of seven iron-
constantan thermocouples on the bottam exterior.
Six of these were connected in series with six
reference junctioms located in the heat sink. The
seventh thermocouple was used to determine absolute
temperstures.

The heat sink was constructed of two large
blocks of phosphor bronze. The silver cup was
suspended 1n a cavity in the lower block. Buried
in the lower portion of the lower block were seven
iron-constantan thermocouples which utilized the
heat sink as a constant temperature reference mess;
six of these were the reference junctions for the
cup therwopile, and the seventh was used to record
absolute temperatures. The purpose of two large
blocks was to provide a sufficiently large heat
capacity that their temperature level would not
change more than a few thousandths of a degree
during s shot and vwhile temperatures were belng
recorded. The upper block also served to cover the
cavity where the sllver cup was suspended. The
model entered the cup through & conical hole in the
upper block. This hole was lined with a low con-
ductivity plastic to minimize any heat transfer due
to contact with the model as it dropped through to
the cup. .

The principal conduction path between the cup
and heat slnk consisted of three small thin support
arms made of low conductivity epoxy resin. These
were fastened between the upper lip of the cup and
the rim of the cavity. The cross section of these
supports was made so that the major portion of the
heat from the hot model would be transferred to the
heat sink in about 10 to 15 minutes. It was neces-
sary to use very fine thermocouples (0.001-inch-
diameter wire) on the cup to minimize both their
heat capacity and their conductivity between the cup
and the heat sink. The excess volume of the cavity
was filled with fosmed plastic so that there would
be no free convective heat transfer from the cup.

With the calorimeter constructed es described
above, the heat transfer from the cup to heat sink
can be expressed schematically as shown in
sketch (a).

Conduction
Ta path Te
Heat source Heot sink
K
Sketch (a)

The differentisl equation for the conductive heat
transfer from a source to a sink is

28 - KalTa(t) - 7] (1)

thus

Q=4Q = Klf: [TA(t) - TB] at (2)

A finite integration limit of 10 to 15 minutes
was used to replace the infinite limit on the inte-
gral in equation (2). This finite truncation was
found to have negligible effect on the results.

This was demonstrated by plotting the value of the
integral with various upper limits and observing its
asymptotic nature.

The output of the thermopile is proportional to
the instantaneous temperature difference Tj - Tg.
This output, in millivolts, is recorded on a strip
chart recorder from which a typlcal trace is shown
in figure 5. The output was also electromechani-
cally integrated to cbtain the area under the tem-
perature difference time curve. Measurements of
heat inputs as low as 10”5 Btu were found to be
possible with this equipment. The development of
this highly sensitive and accurate calorimeter made
this test technique possible since, as will be .noted
in later sections, heat quantities measured in the
tests were in the range from 10”2 to 1072 Btu.

Calibration of the calorimeter. To calibrate
the calorimeter preheated models were dropped into
it to determine the constant Kj in equation (1)
and to determine the effects of several variables
on Kj.

The calibration setup consisted of an oven
suspended over the calorimeter. The model was
placed in the oven, allowed to come to same known
temperature, and dropped into the calorimeter.
(There was a radiation shield between the oven and
calorimeter at all times except during model
release.) The integrated output, AQ/Kj, of the
thermopile was then read and plotted versus the cal-
culated energy increment introduced by the hot
model. This process was repeated at various model
energies. The plot of calculated heat input versus
integrated values of AQ/K; resulted in a straight
line, the slope of which was the value of K;. The
calibrations were repeated with variations of model
geometry, model orientation in cup, model meterial,
and nonuniform temperatures in the model. The model
geametries for these calibrations were a 1/4-inch-
djemeter hemisphere, a 30° half-angle cone slightly
blunted with 0.20-inch base diameter, and a 1/k-inch
sphere. Most of the models were saluminum; however,
other materials were used and gave essentially the
same results. The condition of a nonuniform tem-
perature distribution in the model was simulated by
dropping two models at the same time but with dif-
ferent temperatures. The value of X; was found
to be constant within *3 percent.

Data Reduction

Reduction of total heat-transfer data. The
reduction of the total heat-transfer data proceeds
from an energy balance. The thermal energy, AQ,




added to the calorimeter by the model is obtained
directly from the area under the AT versus time
curve of the calorimeter and the calibration con-
stant K;. This increment of energy consists of
two parts, the energy due to aerodynamic heating,
Queros, and the energy due to possible differences
in the energy levels of the model and the calorim-
eter prior to launching of the model. The incre-
ment in energy, AQ, can be expressed &s

R = Qgero + mc(Tmi - Tey) (3)

where m 3is the mass of the model, ¢ is the spe-
cific heat of the model material, and Tp; and Tcy
are the prelaunch model and calorimeter tempera-
tures, respectively. In equation (3) it is assumed
that there are no extraneous heat sources. This
was found to be a good assumption if proper precau-
tions were taken. (See Error Analysis section far

the details of these precautions.) Solving equa-
tion (3) for Ggero ylelds
Geero = 58 - me(Tgy - Te) @)

The last term on the right, which represents the
correction for differences in temperature of the
model end calorimeter, was generally less than

10 percent of Qgero. The temperature of the model
was taken as the prelaunch gun temperature. This
was lnsured by loading the model into the gun at
least one hour before launch.

Conversion of total heat-transfer messurements
to instantaneous heating rates. The total heat,
Qeero, Measured for different launch velocities,
may be further analyzed to obtain the instantaneous
average heat-transfer rate over the surface as a
function of wvelocity. The instantaneous average
heating rate, gy, will be defined as

oy = B waqlaAw )

where qz is the local heat-transfer rate, and Ay
is the wetted area of the body. The functional
relationship between d,, free-stream density, and
velocity is assumed to be similar to the one dis-
cussed in reference 1. This relationship is

gy = Ko /‘;3 (A (6)

where p, 1s the free-stream density, r is a
reference length (e.g., radius of curvature at the
stagnation point), V,, is the flight speed, and
K> and n are constants to be determined.

The total aerodynamic heat transfer to & model
during a given trajectory can be expressed as

t
Qoero = & | duyfr ()
o

where t is the time of flighi.

From the equation of motion, we obtain

@ o
Equations (6), (7), and (8) may be cambined as

- Veateh v 072
%f“cvi_dv (9)

Qaero=m?Ac VL Cp

Since the velocity history and drag coefficient sre
known, evaluation of Qgero depends only on selec-
tion of n and K to give a functional dependence
of Qgerp OB leunch velocity which matches that
recorded experimentally from test shots at differ-
ent launch velocities. The procedure for selecting
n and Kz to obtain a best fit to the experimental
data is given in appendix A.

The analysis described above applies only if
both K, and n are constant or nearly constant
over the trajectory. This is true if the wall tem-
perature is small compared to the recovery tempera-
ture, a condition which is satisfied for the part
of the flight during which the major portion of
heating occurred. In addition, the pitching empli-
tude must be small enough so that the heating is
not affected. A slightly more elaborate analysis
(not presented here) allows some consideration of
angle-of-attack effects.,

Isunch velocity. The launch velocity (i.e.,
velocity at the muzzle of the gun) and drag coeffi-
clents were deduced from the measured distance-time
history by the method of reference 2.

Typical Results

Some typical total heat-transfer data obtained
with the calorimeter technique are shown in fig-
ure 6(a). These results are for a 1/k-inch-
diameter aluminum hemisphere tested at 1 atmosphere
free-stream pressure. These data were then ana-
lyzed, by the simple data-reduction method
described earlier, to obtain instantaneous heat-
transfer rates averaged over the wetted surface
area. These results are shown in figure 6(b). For
camparison, theoretical calculations et Mach num-
bers 4 and 6 by the method of Stine and Wanlass
(ref. 3) are presented (squares). Further theo-
retical calculations were made for higher speeds
using the stagnation-point results of Fay and
Riddell (ref. 4) and the distributions from the
method of reference 3. Csalculation for several
points allowed a curve to be drawn through the
speed range shown. (A1l theoreticel calculations
shown are for the case of zero base heat transfer.)
Tt can be seen that the agreement with theory is
very good. The differences are no greater than
19 percent, and, in the case of the Fay and Riddell
stagnation-point plus Stine and Wanlass distribu-
tion, adding a small amount to the calculated
values to account for base heating would improve
the agreement. Also shown is the stagnation-point
heat-transfer rate calculsted by the method of
reference 4 upon which the second theoretical esti-
mates were based. A more camplete discussion of
these data and a presentation of data from a
blunted-cone model may be found in reference 5.



Error Anslysis

The accuracy of the total heat-transfer
measurements depends primarily upon the accuracy of
the calorimeter system and the slze of extraneous
heat sources and sinks. The calorimeter has a
maximm error of *3 percent of the total heat
transfer measured (determined from calibration).
Several extraneous sources of heating were consid-
ered. These include:

1. Heating from shock-heated gases in front
of the model while the model is traversing the
launch tube.

2. Heating caused by propellant gas leaking
through the sabot to the model.

3. Beat loss due to long subsonic flight.

L. Heating and/or cooling during capture in
the catcher and funnel.

Items 1 and 2 were discussed briefly in the
discussion of sabots and gas seals; however, a more
detailed description of the extent to which these
sources of heat were eliminated is included here.
The complete enclosure of the model within the
sabot, and the partial evacuation of the launch
tube, are believed to completely eliminate heating
resulting from item 1.

The heating resulting from item 2 was as high
as 100 percent of Qgero Wwhen no gas seal was
used. The effectiveness of the gas seal in reduc-
ing this heating was ascertained from several test
shots with gas seals of various designs. Several
shots with various length gas seals were fired at
the ssme lsunch velocity; when heat input was plot-
ted versus increasing gas seal length, the curve
appeared to approach an asymptote which was consid-
ered to represent zero heating by gun gases. The
gas seal finally used appeared to reduce this heat-
ing to about 7 or 8 percent of GQgero- (Iaunching
problems prevented the use of a longer gas seal.)
Additional heat protection, consisting of thin
sheets of mylar placed over the base of the models,
appeared to further reduce this heating to about
2 percent of Qgero-

Heat is lost from the model during the portion
of the flight when the wall temperature is greater
than the recovery temperature, approximately 0.1
second. The electrical heat flow analog camputer
at Ames (ref. 6) was programmed to represent the
thermael properties of the hemisphere model and the
heat transfer to the model. The model was then
"rlown"” from 10,000 to 1,000 ft/sec and then the
front face inputs were switched to represent cool-
ing to the atmosphere (i.e., hy = h,). In 0.1 sec-
ond of "flight" 2 percent of the model's total heat
was lost. Since the average cooling rate during
subsonic flight is numerically less than the
1,000 ft/sec cooling rate employed, it can be con-
cluded that heat losses during subsonic flight are
negligible. At subsonic flight times longer than
0.2 second the cooling would increase rapidly;
therefore the catch should be made at as high a
subsonic speed as possible. In the present tests,
catches were made between 500 and 800 ft/sec,
resulting in subsonic flight times from 0.1 to
0.06 second.

Three sources of heating or cooling of the
model in passing through the catcher and funnel
combination were considered: deformation of the
model; friction between model and paper; and con-
duction between model, paper, and sir. The models
were examined under a microscope after they had
pepetrated the sheets of paper and no sign of defor-
mation was evident. It was therefore felt that the
heating due to deformation was negligible. The
other two sources of heat transfer were difficult
to analyze, and since the models enter the catcher
with kinetic energy of the same order of magnitude
as the total aerodynamic heating, this extraneous
heating could be large if a substantial fraction of
this energy were converted to heat in the model.

To assess the amount of extraneous heating in
the catcher-funnel, the heat transfer from the
model to the catcher and funnel was studied experi-
mentally. A compressed air gun was built so that
the major portion of the barrel passed through a
temperature-controlled oven. This gun was set up
to fire into the catcher-funnel-calorimeter combi-
nation. Two series of tests were conducted with a
1/4-inch aluminum sphere as the test model. In one,
the model was launched cold (i.e., at the same tem-
perature as the catcher) to minimize conduction
effects in the catcher. ILaunches were made at vari-
ous subsonic velocities and therefore various num-
bers of sheets of catcher paper were penetrated.
The measured heat input increased slightly with
the number of sheets penetrated; it was, however,
less than one-thirthieth of the kinetic energy on
entry into the catcher. The second test was con-
ducted with the model heated to between 35° and
Lo© F above the temperature of the catcher. In this
case the difference in thermal epergy (i.e., meas-
ured in the calorimeter minus calculated for the
known model temperature rise) at first was negative
and then increased with increasing number of sheets
penetrated (increasing velocity); the net error was
zero after about 28 sheets were penetrated. This
indicates that, at first, the energy interchange
between model and catcher is controlled by conduc-
tion losses until finally frictional heating predom-
inates and the heating increases. The maximum
errors resulting from these effects in the actual
heating experiments occurred at the lower speeds
where they were as high as *10 percent of the total
aerodynamic heating.

Two comments are in order as to the catcher-
funnel errors. First, the paper used in this
catcher was the only material tried. It is not
very likely that it is the optimum from a heat-
transfer standpoint. Secondly, the simple experi-
ment indicated that even the 10-percent error could
be partially eliminated if, with a setup similar to
the one described, the heating in the catcher were
determined carefully for each configuration to be
tested. This was not done for the data presented
in figure 6.

The sum of the estimated errors in the total
heat measurements is listed below for three
different velocities.

Error range, Launch

percent velocity
Total aerodynamic +13 -15 5,000
heating, Qgero +8 -10 7,000
+ -8 10,000



The estimated accuracy of measured drag
coefficient and launch velocity is 1 percent.

Because of the method of data reduction used,
it is difficult to estimate the accuracy of the
heating rates, §g,. The maximum expected error
could be larger than the maximum error in the total
heat-transfer meassurements. As can be seen from
figure 6, the difference between the heating rates
obtained from the present technique and from well-
established theory, for the case of a hemlsphere,
which is for all practical purposes a proof config-
uration, is near the maximmm exrror in the total
heating measurements.

Remarks

The preceding sections present a discussion of
the catcher-calorimeter technique for obtaining
experimental heat-transfer date at high speeds.

The technique, once developed, is very simple to
use. Furthermore, it has the potential of being
relatively accurate compared to other heat-transfer
measurement techniques. The heat-transfer results
for a hemisphere were compared with theory and were
found to agree very well. A disadventage of the
technique is that, in some cases, many data points
are required to obtain the desired results.

Possible applications of the technique, not
considered in this paper, are determination of heat
transfer in geses other than eir and measurement of
heat absorbed by ablating bodies.

When totel heating is measured with this
technique, a definite high velocity limitation
occurs for any model. If the velocity exceeds this
1imit, the model will eventually begin to ablate,
and heat will be lost with the ablated material.
Furthermore, the injection of ablation products
into the boundary layer affects the heating rate.
This limitation to the catcher-calorimeter tech-
nique becomes the basis for the melting-onset
technique.

Melting-Onset Technique

This technigue uses the time of onset of
melting on small sluminum models as a measure of
the stagnation-point heating rate. A sabot-held
aluminum hemisphere is gun-launched at high veloec-
ity either into still air or into an oncoming air-
stream. Heating i1s experienced by the model as it
decelerates. This heating serves to raise the tem-
perature of the model and, if heating is prolonged,
at same point along its flight path the surface of
the model will begin to melt. Melting occurs first
in the stagnation region, where the heating rate is
highest. Since the viscosity of molten aluminum is
low, aluminum flows off the model surface and into
the wake. This liquid aluminum runoff produces a
partially opaque screen which is visible in the
wake region on spark shadowgraphs. If the free-
stream density and mcdel size are adjusted cor-
rectly, melting can be made to begin during the
portion of the model flight through the instru-
mented test section of the range; thus the time at
which melting first occurs can be determined from
successive shadowgraphs. With the time of melting-
onset known, the stagnation-point heating rate can
be determined by solving the heat-conduction equa-
tion for the model interior. This technique is
described in detail in the following sections.

Test Equipment

Models were launched from & light-gas gun into
the prototype of the Ames hypersonic free-flight
facility, which may be operated either as a ballis-
tic range or as a free-flight wind tunnel. A sche-
matic view of the facility is shown in figure T.
The model launcher used for these tests was s cali-
ber 0.50 deformeble-piston, light-gas gun. Models
fly through an instrumented test section equipped
with 11 spark shsdowgraph stations spaced at 4 foot
intervals along its length. An enlarged view of
part of the test section is shown in the inset of
figure 7. The shadowgraph and chronogreph equip-
ment is similar to that in the pressurized ballis-
tic range described earlier. The time-distance
history and angle-of-attack history of the model
are extracted from the shadowgraph pictures and
chronograph records.

When this facility is used as a free-flight
wind tunnel, the airstream is supplied from a
4O-foot-long, 6-1/4%inch-dismeter shock tube cou-
pled to a combustion chamber of like dimensions.
The energy for driving the shock tube is supplied
by the constant volume-combustion of Hp and Oz
diluted with He end No. The shock-tube diaphragm
is punctured when the combustion process has
reached peak temperature and pressure. The initial
pressure ratio is adjusted to tailor the reflected
shock at the interface, producing a stagnation
region of high-pressure, high-temperature air. 4
second diaphragm separates the stagnation region of
the shock tube from the test section. This dia-
phragm breaks spontaneously soon after the incident
shock impinges upon it, sllowing flow to begin in
the wind, tunnel. The pressure in the test section
is set prior to the run st such a level that wind
tunnel starting transients are minimized. The con-
toured nozzle provides a nominal M = T airstream.
The airstream exhausts into a large vacuum tank
at the end of the test section. A more complete
description may be found in reference 7.

Models and Test Conditions

The test models for this investigation were
1/4-inch-diameter 7075 T-6 aluminum hemispheres
identical to those used in the catcher-calorimeter
tests. The stagnation-point heating rate on this
model is relatively insensitive to small angle of
attack. BSabots were similar to those described in
the first section of this paper but were made sig-
nificantly lighter in order to cbtain high launch
velocities. This sabot had the same advantage for
heat-transfer measurements as mentioned earlier -
minimm extraneous heating during launch from the
gun.

The results of two sets of tests utilizing the
melting-onset technique are described in this
paper. Each of these sets will be described in
detail in later sections. The nominal test condi-
tions are summarized in the following table.



Test velocity,

£t /sec 2k,000 36,000

Model velocity,

ft/sec 2k ,000 24,000
Alrstream velocity,

£t/sec L0 L, 2000
P’ slugs/ft3 1.6X107% - 2.9x10 1.5%10°5
P, &tm 0.066 - 0,12 .02
M 21 20
T, °R 540 1700
Reynolds number based

on model diameter

and free-stream

properties 2,1x105 - 3.8x10°  1.2x10%

Wind-Tunnel Data Reduction

To obtain heating-rate data, it is necessary
to know the free-stream properties as a function of
time along the flight trajectory. For the tests at
2k,000 ft/sec, in which the models were fired into
still air, the free-stream properties were deter-
mined from the measured temperature and pressure of
the air in the tunnel immediately prior to the
firing of each shot. For these tests the model,
though decelerating, was flying through a comstant
density environment.

For the tests at 36,000 ft/sec, in which the
models were fired into the supersonic airstream,
e more complex situation existed. To reach the
steady airstream the model must fly across the
vacuum tank (see fig. 7) where properties will be
very poorly defined after the entry of free-stream
eir. To avoid this difficulty, models were fired
at such a time as to meet the airstream before it
had begun to enter the vacuum tank. This procedure
is illustrated in figure 8. It can be seen from
this figure that the model must fly through three
distinct regions: (1) the low pressure (approxi-
mately 300 microns Hg) still air in the vacuum tank
and in the entrance to the test section, (2) the
wind-tunnel starting shock wave and the air ini-
tially in the tunnel which has been campressed by
this starting shock wave, and (3) the desired test
enviromment - the steady hypersonic airstream. The
properties in each of these regions must be deter-
mined in order to assess the contribution of each
to the total heating. In region 1 the air velocity
is zero, and the temperature and pressure were meas-
ured prior to each test. Both the extent of and
properties in region 2 were determined from cali-
bration tests by measuring the tunnel pitot pressure
and wall static pressure as functions of time. It
was determined that the model flies through region 2
for a distance of about 8 feet. The measured speed
of the starting shock wave and the measured proper-
tles in region 1 were used to calculate air velocity
and density immediately behind the starting shock.
The density and velocity were assumed to vary
linearly between their values immediately behind
the starting shock and their values in region 3.
The effect of these assumptions on the test results
will be considered in the section on errors. The
properties in region 3 were determined from measure-
ments of (a) the pressure and temperature of the
air in the shock tube prior to the run, (b) the
velocity of the initial shock wave in the shock
tube, and (c) the pressure behind the reflected
shock wave (the stagnation pressure driving the
wind tunnel). From these measurements, the stagna-
tion enthalpy for the wind-tunnel reservoir wes
calculated by applying the appropriate shock-tube

equations. Wind-tunnel free-stream properties

(the properties in region 3) were then determined
from the static pressure measured at several points
on the test section wall. The real-gas flow
between the reservoir and the test section was
assumed to be isentropic and in equilibrium. A
probe mounted in the tunnel during calibration
tests showed pitot pressures consistent with pre-
dictions based on the above measurements.

Solutions to the Heat-Conduction Equation

In order to relate the melting-onset time to
the heat-transfer rate, it was necessary to solve
the heat-conduction equation for the interior of
the model. Calculations showed that for the short
flight times being considered (approximately 2 mil-
liseconds) the appreciably heated layer within the
model was thin (less than 10 percent of the model
diameter), and that the one-dimensional form of the
heat-conduction equation could be used. The bound-
ary conditions are those for a semi-infinite slab,
initially at uniform temperature, heated on its
exposed surface with a time-dependent heating rate.
The time dependence of the heating rate arises
because of the changing free-stream conditions and
velocity along the flight path.

Thus the equations to be solved are

N
%1 _ ar
aa_yé—a't y>0,t>0
T(y, 0) = T4 g(lo)
x(d—T = 4y = £(t)
d‘yy::o st )

The solution of this system is well known and
can be written with the aid of Duhamel's integral
(see, e.g., ref. 8, p. 76). The surface temperature
is given by

1/2 ¢
(-1 =) 2 [ a0t
[e]
(1)

where ¢ 1is the heating rate and the other quanti-
ties are defined in the table of symbols. Thus if
the heating rate is known as a function of time,
the surface-temperature variation with time may be
calculated. Under the assumption of constant free-
stream density (i.e., when the model is flown into
still air) and constant drag coefficient, one form
of the trajectory equation is

1
Ve ——— 12
-DwCDAct+l (a2)
2m

VL,

Since the velocity does not change greatly over the
trajectory, the stagnation-point heating rate may



be approximated by a less general form of
equation (6)

ey = 70 (13)

vhere 7 depends on Poo and the body size.
If equations (11), (12), and (13) are combined,

the equation for surface temperature mey be written

a
Ty ¥ 2l
° [p DAc('(',--r)+ ,1/2
(1)
where is the heating rate at the beginning
of flight.l This mey be integrated to glve
2
Ty - Ty = dsty, at [ a® [g(bt +d) +3d
177% VT Bt + a)? a2
. 3 n Jot ¥ d + J"bt]}
2 Jot(ot + @) Jot + d - Jot
24gt,
ke Ty -7
=— = B (15)
where
_ PoCDA 1
b=—"5-, d= v, (16)

and B 1is the term in braces. Equation (15) is a
closed-form solution for the time dependence of the
stagnation-point surface temperature for models
fired into still air.

When the models are fired through the tuanel
starting transient flow into the countercurrent
airstream, it is no longer possible to obtain a
closed form solution and equation (11) must be imte-
grated numerically. The integral is improper at
its lower limit and thus unsuitable for numerical
integration. A slight alteration to equation (11)
removes the singularity to give

JE
(m - 1) =282 [V a6 -ma@® o
o]

The numerical integration of equation (17) was
progremmed for the IBM 7090 computer. Egquation (17)
will allow the surface temperature to be computed
as a function of time for countercurrent airstream
operation if the heating rates along the flight
path are known.

Calibration Tests at 24,000 ft/sec

To check the validity of the melting-onset
technique, several tests were performed at condi-
tions for which the heasting rate is well known
from the work of previous experimenters (ref. 9).
As shown in the tabulated test conditions, the
velocity chosen for these tests was nominally
2,000 ft/sec and free- stream densities were varied
from 1.6X107% to 2.9x10™% slugs/ft3. These tests
were performed without the countercurrent air-
stream. The procedure was to examine critically
all the shadowgraphs from a run to determine at
which station melting was first observed. The
inputs to equation (15) were then determined, with
the initial heating rate computed from the theory
of reference 4, and the stagnation-point surface
temperature was computed as a function of time. A
typical set of data from one of these runs is shown
in figure 9. This figure shows successive shadow-
graphs from the first six wind-tunnel stations.
Nothing unusual is seen in the flow field behind
the model until station 3, where slight wisps of
aluminum appear at the rear corners of the model.
This shows that melting started before the model
reached stetion 3 and probably sfter 1t passed
station 2. As the model progresses downrange
through the shadowgraph statlons, more and more
aluminum is visible at the shoulders and in the
wake. Finally, the model is distorted by the loss
of material. Shown on this figure are the elapsed
times of flight to each station and the model sur-
face temperatures at each station computed from
equation (15). It is significant that melting is
first observed at almost exactly the time when the
computed surface temperature reaches the melting
temperature of 7075 T-6 aluminum (1180° F). This
provides a check on the validity of the technique
and leads to confidence in its use at velocities
where the heating rate is not well known.

The results of all the tests at 24,000 ft/sec
are presented in figure 10. This figure is a
correlation plot of the pred:n.cted value of BJE
from equation (15) for Ty, = 1180° F versus the
measured value for melting onset. This coordinate
system allows errors to appear linearly on the
plot. The 45° line is the line of perfect correla-
tion and it can be seen that the data lie extremely
close to this line. It was not alweys possible to
be as certain of the station in which melting first
began as in the run shown on figure 9. Thus the
data are presented as bars in figure 10, which
indicate the renge from the time at which
melting was first probable until it was first
surely in evidence. These data scatter around the
45° line by +9 percent to -13 percent. Thus
within these limits the data are repeatable.

Tests at 36,000 ft/sec

Since the calibration tests showed the
technique to be usable, tests were conducted at a
velocity of 36,000 ft/sec. At this velocity, as
well as at higher velocities, the effect of ionized
species on convective heat transfer has been in
guestion and data gathered by an independent meas-
uring technique are of considerable value.

The tests at 36,000 ft/sec were conducted in
a countercurrent airstream which had a nominal
velocity of 12,000 ft/sec. The melting-onset time
was determined in the same manner as in the lower
speed tests. The calculation of heating rate from



the melting-onset time is camplicated as noted
earlier by the variety of free-stream conditions
which the model encounters. The technique of data
reduction was to assume heating-rate histories
along the trajectory, consistent with the varia-
tions of velocity and density encountered, snd to
campute the time-temperature history at the stagna-
tion poinmt from equation (17). The time at which
the stagnation point was calculated to reach

1180° F was then compered with the time at which
melting was first observed. The heating-rate equa-
tion was adjusted accordingly until a history was
found for which the two times matched. Since, as
will be shown in the next section, the major por-
tion of the heating occurred in region 3 (see

fig. 8), the calculation of the surface temperature
is relatively insensitive to the choice of heating
rates in regions 1 and 2.

The data obtained in the 36,000 ft/sec tests
are shown in figure 1l. They fall with the major-
ity of the shock-tube data (refs. 10, 11, and 12)
and support theories which predict that the effect
of ionized species on convective heat transfer in
air will be small (refs. 11, 13, 14, 15, and 16).
They lie approximately a factor of 2 below the
theory of reference 17. There are, however, some
shock-tube data which are substantially above the
present data and the majority of the shock-tube
data (refs. 18 and 19). Gruszczynski (ref. 19) has
reported that this difference can be traced to the
type of heat-transfer gage used; the higher data
were obtained with nickel and nickel alloy gages
and the lower data with platinum gages. This dif-
ference has not yet been explained. The present
method uses a different material - 7075 T-6 alumi-
num - and the method itself is sufficiently differ-
ent from the shock-tube methods to be considered
independent. These facts lend considerable support
to the lower data. However, until a satisfactory
explanation is found for the higher data, all
results should be viewed cautiously.

Error Considerations

As with all heat-transfer techniques, sources
of error in the present technique are difficult to
evaluate completely. If the calibration tests are
considered alone, the deviation of the heating rate
from the average is +9 and -13 percent. Part of
this can be accounted for by the fact that the
model is observed only at discrete times along the
flight path, and therefore, melting onset is always
observed sometime after it might first have been
observed. On the average this error is #6 percent.
Therefore, other sources of error, for example,
changes in heating during launch, changes in sabot
seperation from run to run, and angle of attack,
must account for the remasinder of the deviation in
the calibration tests.

For the tests conducted at 36,000 ft/sec
additional sources of error are due to the uncer-
taln free-stream properties. The properties in
region 2 (see fig. 8) are the least well determined
and it is desirable to estimate the effect of this
uncertainty on the heating. A breakdown of the
calculated heating distribution along the fiight
path is given in the following table:

Region Percent of heating
1 6
2 19
3 5

It can be inferred from this table that even
relatively large errors in determining the proper-
ties in region 2 will not produce large errors in
the deduced heat-transfer rates for region 3, since
region 2 contributes a relatively small percentage
of the total heating.

The sum of errors due to imperfect knowledge
of the airstream is impossible to assess accu-
rately, but it is believed that they will be of
the order of 5 to 10 percent. Thus the over-all
accuracy of these tests is estimated to be 16 to
21 percent. It should be noted that the internal
consistency of the data points at 36,000 ft/sec is
of this order.

Remarks

This technique, which measures local heating
rates, is relatively simple to use. It has poten-
tial for use at very high velocities - in excess
of earth escape velocity. Testing times are of
the order of 10 to 100 times longer than in shock
tubes. There are, however, sources of error, par-
ticularly when the countercurrent airstream is
used, which are difficult to assess. In general,
the sccuracy of the technique can be considered
acceptable but not extraordinary. Its principal
virtue is that it is different from other tech-
nigques and thus offers an independent method for
dbtaining experimental data.

Possible applications of the technique not
considered in the present paper are the measurement
of heat transfer in planetary gases, the study of
the effects of surface catalycity on heat transfer,
and the measurement of heat-transfer rates to other
parts of the model.

Conclusions

This paper has discussed two techniques to
measure convective heat transfer in free-flight
facilities. The major conclusions are:

1. Both techniques are sufficiently different
from other methods for measuring convective heat
transfer to be considered independent.

2. Both methods are simple to use, requiring
1little additional equipment over that normally
found in free-flight ranges and tunnels.

3. The methods are reasonably accurate - less
than *15 percent uncertainty for the catcher-
calorimeter method and about *20 percent for the
melting-onset method.

4. Both methods have been used to obtain data.
The velocity range covered is from 4,300 to 36,000
ft/sec, in which the data show good agreement with
theories and with other existing data.

5. The data at 36,000 ft/sec (a) support
theories which show small effects of ionized spe-
cies on convective heating, and (b) agree with the
ma jority of existing shock-tube data.



Appendix

Reduction Of The Total Heat-Transfer Data

To Heat-Transfer Rates

The totel heat absorbed by a nonablating
vehicle in decelerating flight 1is given by equa-
tion (9) of the text as

-Ko Veatch yo-2
Qeoro = T pe °“V‘;de (a2)

For the case of constant drag coefficient, equa-
tion (Al) can be integrated directly to give

-

catch (a2)

Qeero = = AcCD(n-l) <

In all cases the launch velocity is much greater
than the catch velocity and the value of n, as
determined by theory end substantiated experi-
mentally, 1is usuaily about 3; therefore,

Vn- -1

catch

and equastion (A2) reduces to

Ko2miy ye-1

JBE AcCp(n-1) L (a3)

Qaero =

If equation (A3) is physically realistic, we see
that the total eerodynamic heating should be a
power-law function of the launch velocity; therefore
a plot of Qgero versus launch velocity on a loga-
rithmic plot results in a straight line, the slope
of which is equal to the exponent (n-1), and the
constant Ko 1s the value of ro &t the 1l-foot-
per-second intercept. Figure 6%5 shows that the
data obtained do fall in an approximately straight
line. A systematic method of applying equation (Al)
which allows variation in Cp and is a least
squares fit to the availlable data was therefore
developed as follows.

Least Squares Analysis

In the least squares analysis the model veloc-
ity was assumed to be known exactly. The sum of
the residuals o can be written as

2
dV)

(ak)

o =Y (Roropgy - K [Voen y=
T Jor Ae Jyp °p

where the subscript exp refers to the experiment,
and the sumation extends over all the experimental
points. The derivative of equation (A4) with
respect to Kz set equal to zero ylelds the value
of Kz for a particular n which minimizes the
sum of the residuals for that value of n:

) (%.e Veateh yo-2 >
= roexp -~ B B
2T (- [
fvcatch -2 av = o (a5)
VL
vhere
B = Aﬁ
N[

Thus, the best fitting value of Ky is given by

Zoe,eroexpB chatch _vnc);i

36 [ e

(46)

This procedure was applied for several trial velues
of n and the corresponding sums of the residuals
were plotted versus n. The value of n at the
minimm of this curve along with the corresponding
value of Ko was selected as the best fit to the
data. This graphical selection is equivalent to
taking the derivative of equation (Ak4) with respect
to n setting it equel to zero and solving that
equation and (A5) simultaneocusly for Kz and n; the
graphical method, however, is simpler.
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FIGURE LEGENDS

Figure 1l.- Schematic drawing of test setup.

Figure 2.- Typical variations in heating and velocity with distance from the gun.

Figure 3.- Sectional drawing of a typlcal model, sabot, and gas seal.

Figure 4.- Quarter-sectional drawing of the calorimeter.

Figure 5.- Typical calorimeter output trace.

Figure 6.- Heat transfer to a 0.25-inch-diameter hemisphere at 1 atmosphere free-
stream pressure. (a) Total aerodynamic heat transfer. (b) Comperison of the
experimental and theoretical heat-transfer rates, based on front face wetted
area, for a 0.25-inch-diameter hemisphere.

Figure T.- Schematic drawing of prototype hypersonic free-flight facility.

Figure 8.- Schematic for air-on operation. Not to scale.

Figure 9.- Shadowgraphs showing onset of melting.

Figure 10.- Correlation plot for 24,000 ft/sec data.

Figure 11.- Data taken at 36,000 ft/sec.
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Figure 3.- Sectional drawing of typical model, sabot, and gas seal.
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STA. |I; t=0.634 mS; STA. 2; 1 =0807 ms;
Tw =1020° F Tw=1116°F

STA. 3; t =0.983 ms; STA.4; t=1.161 ms;
Tw = 1198° F Tw=1267°F
(MELTING FIRST OBSERVED)

STA. 5, t=1.34] ms; STA.6; t
Ty = 1327°F Tw =1378°F

ALUMINUM (7075-T 6) MELTING TEMP =1180° F
V| =24,200 FT/SEC

1.523 ms

Figure 9.- Shadowgraphs showing onset of melting.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
AMES RESEARCH CENTER, MOFFETT FIELD, CALIFORNIA
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